Tissue injury and inflammation markedly alter touch perception, making normally innocuous sensations become intensely painful. Although this sensory distortion, known as tactile allodynia, is one of the most common types of pain, the mechanism by which gentle mechanical stimulation becomes unpleasant remains enigmatic. The stretch-gated ion channel PIEZO2 has been shown to mediate light touch, vibration detection, and proprioception. However, the role of this ion channel in nociception and pain has not been resolved. Here, we examined the importance of Piezo2 in the cellular representation of mechanosensation using in vivo imaging in mice. Piezo2-knockout neurons were completely insensitive to gentle dynamic touch but still responded robustly to noxious pinch. During inflammation and after injury, Piezo2 remained essential for detection of gentle mechanical stimuli. We hypothesized that loss of PIEZO2 might eliminate tactile allodynia in humans. Our results show that individuals with loss-of-function mutations in PIEZO2 completely failed to develop sensitization and painful reactions to touch after skin inflammation. These findings provide insight into the basis for tactile allodynia, identify the PIEZO2 mechanoreceptor as an essential mediator of touch under inflammatory conditions, and suggest that this ion channel might be targeted for treating tactile allodynia.
INTRODUCTION
Touch and proprioception (the sense of body position) are used in almost every aspect of daily life. Recent studies have demonstrated that a single ion channel, PIEZO2 (1) , is responsible for detecting and transducing the subtle changes in force that characterize these sensory modalities in humans (2), mice, and flies (3, 4) . Ordinarily, gentle touch is important for fine discrimination of objects and is innocuous or pleasant for humans. However, after injury, even a soft caress may elicit sharp pain. The mechanisms mediating this transformation of sensory input, called mechanical allodynia, are not understood. Current views have implicated two different mechanisms: increased sensitization of peripheral nociceptors and alterations of pain-related central processing (5) (6) (7) . Here, we investigated the role of PIEZO2 in mechanical allodynia. Recently, we and others found that Piezo2 is very broadly expressed in somatosensory neurons including nociceptors in mice (8, 9) . However, a consistent view for the function of this protein in pain is lacking (3, 10, 11) partly because complete loss of Piezo2 function in mice is lethal at birth (12) .
Previous studies examining the molecular and cellular basis for tactile allodynia have often relied on in vitro assays in cultured neurons (13) or electrophysiological recordings both in vivo (14) or ex vivo preparations (15) . However, no consensus view for the underlying mechanisms has emerged. We reasoned that in vivo functional imaging would provide a powerful way to study how injury and inflammation alter the detection of touch by exposing the global representation of sensory stimuli at a single-cell and single-spike resolution (16) . Here, we used in vivo calcium imaging of the trigeminal ganglion to investigate the function of Piezo2 in mechanical nociception and tactile allodynia in mice.
Behavioral studies using genetically modified mice have proven extremely useful for interrogating how specific molecules and circuits enable sensation. Knockout mice were instrumental in defining Piezo2 as the receptor responsible for touch detection (3) and proprioception (17) . However, pain is a subjective experience making translation from mice to humans more challenging. Thus, our recent identification of a small group of human participants with inactivating mutations in PIEZO2 provides an opportunity to directly evaluate whether this receptor is involved in pain sensation. Our results from quantitative sensory evaluation of human participants and the in vivo imaging of mice suggest a minor role for PIEZO2 in mechanical nociception but demonstrate its critical importance in tactile allodynia.
RESULTS

Viral recombination provides a strategy for generating and marking Piezo2-knockout neurons in vivo
Global knockout of Piezo2 function in mice is lethal perinatally (12) . Therefore, we developed a strategy to knock out Piezo2 in a large but mosaic subset of sensory neurons. This approach targets a broad range of neuronal classes and concomitantly marks the knockout cells (Fig. 1A) . We generated mice carrying a Cre-dependent marker (tdTomato or GCaMP6f) crossed into a conditional Piezo2-knockout background. Viral delivery of Cre recombinase in newborn (up to P2) mice was then used to knock out Piezo2 function and activate marker expression (Fig. 1, B and C) . Using this strategy, we were able to mark Piezo2-knockout neurons and showed that they belong to a broad range of neural classes (Fig. 1, B to D) .
To test for Piezo2 loss of function in the labeled cells, we carried out in vitro recordings ( fig. S1, A and B ) from representative populations of acutely cultured somatosensory neurons (fig. S1, C and D). GCaMP6f-positive neurons from control mice regularly exhibited mechanically activated currents, whereas labeled neurons from Piezo2 conditional knockout (Piezo2 cKO ) mice never responded in this assay (fig. S1, A and B), fully validating our strategy.
After injecting Piezo2 cKO , we often observed behavioral phenotypes consistent with the importance of Piezo2 in proprioception (2, 13) and touch (3, (14) (15) (16) , including ataxia, elevated touch withdrawal reflexes, and an absence of responses to dynamic touch stimulation of hind paw (brushing; fig. S2 ). As expected, post hoc analysis demonstrated that the extent of deficits was correlated with the efficiency of Cre recombination (fig. S2, C and D).
Piezo2 is required for neural responses to gentle but not noxious mechanical stimuli
We recently optimized calcium imaging of the trigeminal ganglion as a means to record activity from hundreds of sensory neurons responding to a range of sensory stimuli (16) . This functional imaging platform relies on the genetic expression of the calcium reporter GCaMP6f (18) and is sensitive enough to measure single spikes in somatosensory neurons (16) . Therefore, we hypothesized that the importance of Piezo2 in nociception and mechanical pain could be directly determined by in vivo imaging of sensory responses in control and Piezo2 cKO backgrounds. We first performed functional imaging of control Cre-dependent GCaMP6f mice (Ai95) injected with AAV-Cre to record neuronal responses to gentle dynamic brushing and pinch ( Fig. 2A and  fig. S3 ). As expected, given that both C and A fibers respond to these types of stimuli, activity was recorded from neurons with a wide range of diameters [ Fig. 2A (inset) and fig. S1C ]. We could also record robust responses to heat and vibration (fig. S4) ; the latter is a stimulus known to selectively activate A fibers consistent with the large diameter of vibration responsive cells ( fig. S4 , B and C).
Given its role in detection of gentle mechanical stimuli, we predicted that labeled neurons in Piezo2 cKO should lack responses to these stimuli while maintaining response to temperature. As expected, heat responses were observed ( fig. S4A ) in the mutant mice. By contrast, knockout neurons failed to detect either dynamic brush (Fig. 2B) or vibration (fig. S4 , B and C), substantiating Piezo2 as the primary receptor for touch.
Piezo2 is broadly expressed in nociceptors (8, 9) , and single-fiber recordings showed that it plays a role in firing dynamics of A and C fibers in response to high-threshold mechanical stimuli (19) . However, our imaging approach showed that the global representation of highthreshold mechanical stimulation in Piezo2 cKO neurons resembled that of control animals ( Fig. 1, E and F) . Together, these results help explain why human participants with PIEZO2 loss-of-function variants (PIEZO2 LOF ) still report intense stimuli as unpleasant or painful with normal thresholds (2) but raise the possibility that PIEZO2 influences the quality of noxious mechanical sensation.
Piezo2 remains essential for gentle touch after inflammation
To test the role of Piezo2 in touch-evoked pain, we first used in vivo functional imaging to determine whether Piezo2 cKO neurons that normally are unresponsive to gentle mechanical stimuli become sensitized after inflammation. Complete Freund's adjuvant (CFA), a standard for activating immune responses, has been shown to produce robust long-lasting tactile allodynia and thermal sensitization in mice (20) . As expected, CFA administration induced recruitment of immune cells ( fig. S5A ) and pronounced sensitization of trigeminal responses to heat (37° and 41°C; fig. S5 , B and C). However, mechanical responses of control and CFA-treated mice appeared far less affected (Fig. 3A) . To verify that mechanical responses after CFA closely resemble those of controls, we quantified the ratio of neurons responding to brush versus pinch (Fig. 3B ) and the magnitude of cellular responses to pinch ( fig. S5D ). In Piezo2 cKO mice, pinch responses also remained robust and after CFA treatment (Fig. 3 , C and D) and were of similar magnitude to uninflamed controls ( fig. S5D ). In marked contrast, Piezo2 cKO neurons never responded to brushing even after CFA (Fig. 3, C and D) . Piezo2 cKO neurons also remained insensitive to other gentle mechanical stimuli including air puff and vibration during inflammation ( fig. S6 ). Thus, our results demonstrate that Piezo2 is required for detection of gentle touch both under normal conditions and after CFA-induced inflammation in mice.
Gentle touch responses are also Piezo2-dependent in other pain models Next, we asked whether these findings generalize to an acute neuroinflammatory challenge as well as to a completely different model of tactile allodynia involving nerve injury. Capsaicin, the pungent component of chili peppers, activates peptidergic nociceptors, causing local neurogenic inflammation, tactile allodynia, and sensitization (20) . Because capsaicin is fast-acting, this model provides the opportunity to image the ganglion during development of inflammation (Fig. 4A) . Moreover, because capsaicin-induced sensitization is relatively transient, it is also used as a test in human participants (21) . In control neurons, capsaicin treatment had only minor effects on the global representation of pinching and brushing [ Fig. 4 , B and C (bottom); quantified in Fig 4D] . Nonetheless, about half of the neurons showed more than 50% change in f/F in brush responses between imaging sessions, but similar variability was also observed in the absence of capsaicin treatment ( fig. S7 ). Therefore, capsaicin-induced neuro inflammation failed to sensitize Piezo2 cKO neurons to brushing [Figs. 4B (top) and 3D]. Spared nerve injury reliably induces neuropathic pain in animal models and has been used previously to sensitize trigeminal responses to mechanical stimulation. As predicted, from our results with inflammatory models, Piezo2 cKO neurons failed to detect brush even 1 week after nerve injury ( fig. S6B ). Together, these data from three models of tactile allodynia reveal that Piezo2 remains the essential receptor for gentle touch detection even after treatments that make these types of stimuli painful.
Human with inactivating mutations of PIEZO2 detect mechanical pain
We recently identified two individuals with PIEZO2 LOF who displayed selective touch deficits (including a failure to detect vibration) and difficulty producing coordinated movements (2) . The phenotype that we reported for these two individuals helped us diagnose three additional participants carrying three recessive inactivating variants in PIEZO2 in compound heterozygosity ( fig. S9 ). Sensory evaluations demonstrated that these participants, along with a fourth individual previously reported to lack PIEZO2 but not quantitatively tested (22) , required orders of magnitude more force to detect von Frey filaments applied to palm ( Given the uncertainty surrounding the role of PIEZO2 in pain, we also evaluated the sensitivity to mechanical pain in PIEZO2 LOF individuals. Each of the four PIEZO2 LOF individuals had normal mechanical pain responses; pressure (fig. S10E) and pinprick pain thresholds closely matched those of controls ( Fig. 5B and fig. S10F ). We note that von Frey detection and pinprick pain thresholds (normally orders of magnitude apart) were very similar for the PIEZO2 LOF individuals. This finding is consistent with our previous study (2) and implies that PIEZO2 function is not required for detection of noxious mechanical stimuli in humans.
A reduced pinch sensitivity has been observed in mice lacking Piezo2 (19) . To quantitatively test the role of PIEZO2 in this type of pain in humans, we recorded the threshold force needed to elicit discomfort in PIEZO2 LOF individuals and control volunteers (Fig. 5C ). Our results showed no significant difference between control and PIEZO2 LOF individuals ( Fig. 5D and fig. S10G ) and support the conclusion that PIEZO2 plays at most a minor role in detecting noxious mechanical stimuli in humans. 
PIEZO2 is required for tactile allodynia in humans
Our results, demonstrating Piezo2 as essential for light touch detection after injury in mice, predict a similar role for this channel in humans and raise the exciting possibility that inhibiting its function would effectively block tactile allodynia. Tactile allodynia has been evaluated experimentally using heat in combination with capsaicin cream to induce short-term but intense inflammation in humans (21, 23) . Application of heat and capsaicin to the forearm causes a burning sensation and irritation through activation of the transient receptor potential vanilloid 1 (TRPV1)-expressing neurons (24) . As expected, PIEZO2 LOF individuals and controls reported discomfort and developed pronounced local inflammation (Fig. 6, A and B) . Standard evaluation of allodynia involves mapping the primary and secondary areas of inflammation using a cotton swab or fine brush (23) . However, the four PIEZO2 LOF individuals were completely unable to detect this type of stimulation. Therefore, to quantitatively evaluate their deficits, we designed a two-alternative forced-choice assay where the participant simply needed to report the site where swabbing felt more unpleasant or painful (Fig. 6A) . As expected, controls unfailingly reported light touch surrounding the inflamed area as unpleasant and painful compared to the same stimulus applied to a neighboring but uninflamed area of the skin. In the forced-choice assay, the four PIEZO2 LOF individuals performed at chance (Fig. 6C) . In combination, our data from mice and humans demonstrate that PIEZO2 is required for detecting several different low-threshold mechanical stimuli and remains essential under conditions that result in touchevoked pain.
DISCUSSION
Our data, using in vivo imaging in mice and quantitative sensory testing in humans, provide a consistent view for the role of PIEZO2 in pain sensation. PIEZO2 function is dispensable for detection of noxious mechanical stimuli like pinprick, pinch, or pressure both at baseline (no injury) and during inflammation. On the other hand, all gentle mechanical stimuli tested including brush, air puff, and vibration are completely dependent on this mechanosensory channel even after nerve injury or during chronic inflammation. Human participants with PIEZO2 LOF variants were completely unable to sense gentle stimuli applied to inflamed skin. In contrast, all control volunteers found these normally pleasant stimuli intensely painful. One direct implication of our findings is that blocking PIEZO2 function in normal individuals would be expected to prevent tactile allodynia and associated pain without affecting protective nociceptive responses.
The ability to directly translate findings related to mechanosensory detection in mice to human pain sensation highlights the value of studying rare congenital disorders in human participants. In the case of PIEZO2, identifying individuals with loss-of-function mutations allowed us to investigate the role of this ion channel in pain. Human participants are able to carry out complex tasks, describe their experience, and provide subjective information that would be difficult or impossible to obtain using animals. Several innovative measures of pain response in mice have been proposed (25, 26) , but ultimately, they all rely on investigator interpretation. In contrast, human participants reliably report when a stimulus becomes painful. Here, all four PIEZO2 LOF individuals reported noxious mechanical stimuli as painful but were completely insensitive to gentle touch even under conditions where control volunteers experienced pain from this type of stimulus. These data are fully consistent with the results from in vivo functional imaging in mice, where high-threshold mechanical stimuli can be detected in the absence of Piezo2, but gentle mechanical stimuli require this channel even after injury or inflammation. The PIEZO2 LOF syndrome affects only very few individuals, and therefore, one limitation of our work is the small sample size. Although our data might hint that PIEZO2 affects pinch pain threshold, in line with behavioral studies in mice (19) , interindividual variation means that we would need to study a far larger cohort than we have currently identified to be certain of this effect. Nonetheless, for touch and vibration detection, the effect size and consistency between individuals indicated the critical importance of PIEZO2 for sensation of gentle mechanical stimuli both under normal and pathological conditions. How does injury induce touch-evoked pain? One view is that nociceptors may be directly detecting light touch, but equally, it may be that they are responding to mediators released by other cells (27) (28) (29) . Regardless, activity of nociceptors has been proposed to be an important driver of tactile allodynia (5) . Other studies suggest that changes in central processing may have a major role in touchinduced pain (30) (31) (32) (33) . Our in vivo imaging data reveal unexpected stability in the global representation of mechanical stimuli at the periphery, including an essential role for Piezo2 in gentle touch detection after inflammation or injury. The most parsimonious explanation for our findings is that tactile allodynia is primarily a central process. However, at present, we cannot assign the identity of neurons driving allodynia because Piezo2 is broadly expressed across many classes of sensory neurons. Recently, low-threshold mechanoreceptors expressing the tyrosine kinase type B receptor (TrkB) have been implicated as important for tactile allodynia (6, 34) ; these neurons express high levels of Piezo2 (8). However, it is possible that other cell classes (9, 35) are also drivers of this type of pain. Future studies using a range of Cre-driver lines will help establish whether specific cell types change their response profiles after injury. Nonetheless, our study pinpoints PIEZO2 as the essential transduction channel for gentle touch and tactile allodynia. The pronounced sensitization and painful nature of touch after injury is something that almost everyone knows; it is also one of the most important drivers of chronic pain. We suggest that PIEZO2 antagonists will be valuable tools for understanding mechanical allodynia and may provide a strategy for relieving a variety of chronic pain conditions. Given that PIEZO2 is crucial for a wide range of mechanosensory processes, including proprioception, the use of systemic drugs is unlikely to be a feasible option. However, topically applied PIEZO2 antagonists might have potential for relieving mechanical allodynia caused by damage to nerves, chronic inflammation, or long-term injury. These types of pain are often difficult to treat with current therapies.
MATERIALS AND METHODS
Study design
The objective of the study was to assess the role of Piezo2 in injuryrelated pain and establish it as a molecular target for future development of novel inflammatory pain drugs. To achieve this, we developed mouse model of Piezo2 LOF to investigate its role in responses to mechanical stimuli. We tested neuronal responses to low-and highthreshold mechanical stimuli using custom-built equipment directly measuring force applied to mouse cheek. Responses were visualized using a recently developed platform for in vivo imaging of trigeminal ganglia. To investigate the involvement of Piezo2 in mechanically induced responses under condition known to produce tactile allodynia, we used a set of three established hypersensitivity models both chronic (injection of CFA and spared nerve injury) and acute (capsaicin treatment). To test translatability of our findings in mice, we recruited a cohort of Piezo2 LOF human participants and performed tests of their sensory perception, reporting of pain and tactile allodynia after inflammation.
Experimental animals
All experiments using animals followed National Institutes of Health (NIH) guidelines and were approved by the National Institute of Neurological Disorders and Stroke (NINDS) Animal Care and Use Committee. Rosa-LSL-GCaMP6f (Ai95) mice were purchased from the Jackson laboratory. Piezo2 fl/fl mice were generated from embryonic stem cells received from the knockout mouse phenotyping (KOMP) facility with the help from the NINDS/National Institute of Mental Health Transgenic Core. Founder mice were crossed with C57BL/6 mice, and the offspring mated to obtain a homozygous breeding colony.
Viral injections and inflammatory models
Virus was injected into P0-P2 pups. The pups were briefly anesthetized on ice, and a Hamilton syringe was used to inject AAV9-Cre (10 13 to 4 × 10 13 virions/l; Vigene, Rockville, USA). The virus was administered via three routes to increase chances of infection.
For intracerebroventricular injection, a Hamilton (Hamilton Robotics, Reno, USA) syringe needle was inserted at a 45° angle and 3 mm deep in the space between the center of the eye and Bregma (about three-fifths of the distance, rostrallateral of Bregma); 1.5 l of virus was injected in each ventricle. Intravenous injection was performed by gently progressing the needle at sharp angle into the superficial temporal face vein; 1 l of virus was injected. Standard intraperitoneal injection of 10-fold diluted virus (5 l) was injected. After injections, pups were placed on a heating pad to recover before returning to the home cage.
To induce chronic cheek inflammation, CFA (Sigma-Aldrich, St. Louis, USA) was injected subcutaneously into the left cheek, and physiological and anatomical testing was performed 24 to 36 hours after injection. For spared nerve injury, animals were anesthesized, a small incision at the edge of the whisker pad was made, and subsequently, maxilliary branches of trigeminal nerve innervating the whisker pad were cut. For acute capsaicin (Sigma-Aldrich) injury model during in vivo imaging, two small longitudinal cuts (~1 mm) were made on a naired skin, and a 1% solution of capsaicin was applied to the region for 5 min after which the area was rinsed with saline.
Trigeminal ganglia in vivo functional imaging
Trigeminal imaging preparation was performed as described previously (16) . Epifluorescence imaging of the ganglia was performed using an upright microscope (FVMPE-RS, Olympus) equipped with a 4×, 0.28-numerical aperture air objective. Illumination was provided with a 130-W halogen light source (U-HGLGPS, Olympus), using a standard green excitation/emission filter cube. Images were acquired using an ORCA-Flash 4.0 CMOS camera (Hamamatsu, Japan) at a frame rate of 10 Hz using MetaMorph (Molecular Devices). pClamp software was used to trigger the imaging acquisition and to generate TTL pulses for synchronizing other instruments (videography and force recording) through a Digidata 1550 (Molecular Devices). Calcium imaging analysis Acquired tiff stacks were cropped to remove out of focus areas. Stacks from multiple trials were concatenated and corrected for movement using standard ImageJ plugins (Linear Stack Alignment and StackReg tool). Regions of interest encompassing single cells were selected from active cells using the Cell Magic Wand Tool written for ImageJ. The resting florescence ( f 0 ) was calculated using the average of the five frames with lowest fluorescence within the entire stack. Neuropil subtraction was performed using customwritten MATLAB software described previously (16) . The threshold for activation was set as f/F 0 > 10%. To select the most effective bout of stimuli delivery across multiple trials, timing of the beginning and ending of every stimulus was established on the basis of videography and/or applied force recordings (see below). Most efficient pinching bout was selected for further analysis. Brushing was defined as stroking with a cotton swab with a force of <4 g (see fig. S3 , A to C). All analyses were performed using custom-written MATLAB scripts. The total number of cells was calculated by counting cells that responded to any applied stimuli throughout the entire experiment.
Stimulation and videography
Videography was performed as described previously (16), using an infrared CMOS video camera (acA2000-165um, Basler) equipped with 0.6× telecentric lens (Edmund Optics). Images were captured at 20 Hz. Mechanical stimuli were delivered using custom-made devices using micro load cells (CZL639HD, Phidgets, Calgary, Canada) for measuring applied forces ( fig. S3 ). Brush stimuli were delivered with custom-made aluminum cotton swab holder ( fig. S3, A and B) in which the load cell was placed parallel to the plane of the cheek. This arrangement allowed for measurement of the applied force acting against the skin during the swab. Pinch stimuli were delivered using forceps in which one arm was custom-modified to include a load cell to allow the measurement of force acting against the skin ( fig. S3 , D and E). Load cells were connected to a bridge input device (PhidgetBridge 4-Input, Phidgets) and a PC running Phidgets driver software and custom-written acquisition software (Python). For vibration delivery, a Solid Drive SD1SM (MS Audio, Plainview, Canada) sound transducer was mounted on a stand and fitted with a custom-made extension bar (diameter, ~5 mm) with a plastic screw cap ( fig. S3F ).
The cap was placed in firm contact with the skin of the cheek after hair removal with a depilatory cream. The transducer was connected to a sound amplifier that received sine signals with frequency of 50 and 150 Hz. Temperature ramps were delivered as described previously (16), using recirculating water baths (Lauda-Brinkmann, Delran, USA) that could heat and cool a copper thermode touching the cheek after hair removal. Water flow from the baths was controlled using a set of valves that could be operated using TTL pulses.
Human participant enrollment and genetic testing
This study was approved by the Institutional Review Board of the NINDS and NIH. Written informed consent was obtained by a qualified medical investigator. Human participant enrollment and genetic testing were as described previously (2) . Quantitative sensory testing of human participants Four patients and seven healthy age-and gender-matched controls were tested on a panel of sensory tests.
Von Frey touch detection threshold
The von Frey touch detection threshold was determined on the dorsum side of the left forearm and on the thenar eminence of the left palm using monofilaments with indentation forces ranging from 0.008 to 300 g (nylon fiber; Aesthesio, Bioseb, Pinellas Park, FL, USA). Stimulation forces were presented in the order of ascending, followed by descending intensities using the method of limits. The participants were asked to report "any sensation on the skin" after a verbal cue of stimulus onset. Participants were shown the von Frey monofilaments before testing but were deprived of visual input using a screen during the actual testing. The geometric mean of three detection threshold series determined the final touch detection threshold.
Von Frey pinprick pain threshold
The von Frey pinprick pain threshold was determined on the dorsum side of the left forearm and on the thenar eminence of the left palm using monofilaments with indentation forces ranging from 0.008 to 300 g (nylon fiber; Aesthesio, Bioseb, Pinellas Park, FL, USA). The pinprick pain threshold was determined immediately after the touch detection threshold in the same order of ascending intensities, followed by descending intensities, using the method of limits. After a verbal cue of stimulus onset, the participants were asked to report "any sensation on the skin with a sharp-pinprick character to it". The geometric mean of three pinprick pain threshold series determined the final threshold.
Pinch pain threshold
The pinch pain threshold was determined for the hairy skin on the inner side of the left upper forearm and for the glabrous skin of the left ring finger. The skin on the arm was marked with two lines separated by 5 mm. The upper arm testing was repeated three times on skin locations separated by 3 cm. Marking on the skin on the finger was two lines separated by 10 mm. The finger testing was only done once per participant. Pinching forcep design was the same as for mouse model tests (see "Stimulation and videography" section).
The participants were instructed to report any sensation of pain from the pinch, at which point the stimulus was stopped immediately. The force level at the stop point was recorded, and mean of all trials was used as the final threshold. Participants were shown the forceps before testing but were deprived of visual input during the actual testing.
Experimental tactile allodynia
The heat/capsaicin model of tactile allodynia is a safe and wellestablished model (23) . Each participant's baseline blood flow in the right forearm skin was captured using a laser speckle contrast imager (moorFLPI-2, Moor Instruments Ltd., Devon, United Kingdom). Baseline images were acquired at a frame rate of 25 images/min for 1 min before model application. After laser speckle contrast image acquisition, a 3 cm by 3 cm Peltier thermode (Medoc, TSA, Thermosensory Analyzer, Rimat Yishai, Israel) set at 45°C was applied to the skin in either the proximal or distal section of the dorsum side of the right forearm for 5 min. The area of the heat stimulation was marked.
Immediately after the heat stimulation ended, a 1-mm-thick layer of 0.075% capsaicin cream was applied (Capzasin-HP) to the same 3 cm by 3 cm skin area and left on the skin for 30 min. After 30 min, the capsaicin cream was removed, and participants were asked for a verbal rating of ongoing pain in the treated skin zone using a numeric rating scale (0, no pain; 10, worst pain imaginable) to confirm model development. All participants developed a flare from the model, and changes quantified again using the laser speckle contrast imager (same as described above). The treated skin area was alternated between participants to be in either the proximal or distal area of the forearm. A control skin area (3 cm by 3 cm) was marked up 7 cm from the treated skin area within the forearm. Light skin stroking (stroking velocity, 3cm/s; stroking distance, 9 cm; i.e., around three sides of the marked square area; application force, about 0.3 N) was applied manually as paired stimuli consisting of one skin stroke in the intended allodynia zone and one in the corresponding area around the marked control zone using a cotton swab. Participants were deprived of visual input using a screen during the testing. After a verbal cue of stimulus onset, the participants were asked to report which of the paired stimuli was perceived as the most unpleasant or painful (two-alternative forced-choice assay). Ten paired stimuli were included in a randomized, counterbalanced order. The percentage of responses for each zone was compared between participants carrying loss-of-function mutations in PIEZO2 and control participants.
Statistical analysis
Data are presented as means ± SEM. For calcium imaging individual cells, data were collected from at least three independent in vivo preparations. Statistical difference between distributions of responding cells fraction was tested with  2 or Fisher's exact tests. For animal behavior test, differences were tested using Mann-Whitney. For comparison of psychophysical testing of Piezo2LOF human participant data, Mann-Whitney or Kruskal-Wallis tests were used where appropriate.
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